We report on molecular self-assembly of biphenyl-4,4 -dicarboxylic acid (BPDCA) on CaCO 3 (1014) under ultra-high vacuum conditions. Two-dimensional, ordered islands are obtained upon deposition at room temperature, coexisting with a streaky structure that is ascribed to individual, mobile molecules forming a two-dimensional gas-like phase. High-resolution non-contact atomic force microscopy (NC-AFM) images of the molecular islands reveal an ordered inner structure that is dominated by rows of molecules aligned side by side running along the [4261] crystallographic direction. A detailed analysis of these rows exhibits inter-row distances that are multiples of the calcite unit cell dimension along the [0110] direction, clearly demonstrating the templating effect of the substrate. Our results indicate that an excellent size match of the molecular structure with respect to the underlying substrate results in an increased binding of the BPDCA molecules to the surface. In between the rows, a different molecular structure is coexisting with the molecules aligning head to tail. This structure is explained by intermolecular hydrogen bond formation very similar to the BPDCA bulk structure. The coexistence of the bulk-like structure with the row structure suggests a close balance of intermolecular and molecule-surface interactions to be responsible for the observed structure formation.
Introduction
Molecular self-assembly on surfaces is governed by a subtle interplay between intermolecular and molecule-surface interactions [1] . In fact, when aiming at exploiting the structural variety of organic molecules for self-assembled structure formation on surfaces, it is important to balance these two interactions, which is frequently achieved for molecular self-assembly on metallic surfaces [2] . On insulating substrates and thin insulating films, however, 1 Present address: Department of Physics and Astronomy, The University of Utah, 337 JFB, 115 South 1400 East, Salt Lake City, UT 84112-0830, USA. molecule-surface interactions have been found to be considerably reduced as compared to metallic substrates [3] [4] [5] [6] . This reduced interaction frequently results in molecular bulk crystal formation [4] or molecular dewetting [7] [8] [9] instead of self-assembly of extended two-dimensional islands. Several strategies have been explored to overcome this limitation, including surface patterning [10, 11] and increasing the electrostatic interaction for anchoring polar molecules on ionic crystals [12, 5] . So far, however, only very few examples exist demonstrating the formation of a molecular wetting layer on an insulating surface; tailoring the molecule-surface interaction by optimizing the geometrical match of the molecular dimensions to the crystal lattice has been demon- strated to constitute a versatile strategy for anchoring organic molecules to insulating surfaces and for steering the resulting structure formation [13] [14] [15] [16] . For example, a hydrogen-bonded network of benzene diboronic acid molecules has been shown to form an extended wetting layer on KCl(001) at room temperature [15] . In this study, the optimized molecular structure in the absence of the substrate perfectly matches the crystal lattice registry, nicely explaining the stability of the observed structure. Recently, the high surface energy of calcite has been exploited to form a wetting layer of C 60 molecules at room temperature [17] .
Here, we present a system that directly expresses the balance between intermolecular and molecule-surface interactions by the coexistence of two different molecular structures on the surface. Using high-resolution non-contact atomic force microscopy (NC-AFM) imaging under ultrahigh vacuum conditions (UHV), we study the molecular self-assembly of biphenyl-4,4 -dicarboxylic acid (BPDCA, figure 1(a) ) on the most stable cleavage plane of calcite, CaCO 3 (1014) ( figure 1(b) ) [18] , at room temperature. Ordered rows of molecules aligned side by side running along the [4261] crystallographic direction demonstrate a significant molecule-surface interaction that can be explained by an excellent geometrical match of the molecular structure to the substrate dimensions. In between these rows, a second structure is formed with the molecules aligning head to tail, closely resembling the molecular bulk structure. Our results, thus, indicate that molecule-substrate and intermolecular interactions are of similar strength in the presented system.
Methods
All experiments presented here were carried out in a UHV chamber with a base pressure better than 1 × 10 −10 mbar. NC-AFM imaging was performed at room temperature using an NC-AFM (VT AFM 25 from Omicron Nanotechnology GmbH, Taunusstein, Germany) operated in the frequency modulation non-contact mode [19] . For signal demodulation and oscillation excitation, a phase-locked loop detector and amplitude controller (easyPLL plus from Nanosurf, Liestal, Switzerland) was used. As force sensors, Ar-sputtered n-doped silicon cantilevers (type PPP NCH from NanoWorld, Neuchâtel, Switzerland) with resonance frequencies around 300 kHz were used. Typical oscillation amplitudes were in the order of 10 nm. All images shown are carefully corrected for drift by comparing subsequent upwards and downwards images [20] .
Calcite crystals of optical quality (Korth Kristalle, Altenholz (Kiel), Germany) were cleaved in situ using a scalpel and home-built sample holder [21] . To remove surface charges present after the cleavage step, crystals were annealed to a maximum temperature of ∼480 K for 1.5 h. The BPDCA molecules were purchased from Aldrich (Munich, Germany, 97% purity) and used without further purification, except for outgassing at 360 K for several hours before deposition. The molecules were deposited from a home-built Knudsen cell onto freshly prepared surfaces held at room temperature. Cell temperatures around 410 K were used, yielding deposition rates in the order of 0.13 ML min −1 .
Results and discussion
A representative NC-AFM topography image obtained after deposition of approximately 0.5 ML BPDCA molecules onto CaCO 3 (1014) held at room temperature is given in figure 2(a). In this image, molecular islands are observed that are separated by streaky regions. The islands exhibit an elongated shape with typical dimensions of a few tens of nanometer in the [0110] direction and of 10-30 nm in the [4261] direction. The apparent height of the islands is approximately 0.25 nm (measured in images with smaller scan size-not shown), suggesting that the islands are formed by flat-lying molecules. The edges of the islands appear fuzzy, which is a typical sign for attachment and detachment of molecules at the islands' periphery. The streaky regions and the existence of the islands indicate that individual molecules (i) can detach from the islands and (ii) have substantial mobility on the surface at room temperature to form a two-dimensional gas-like phase.
An internal structure is revealed on the islands, which is predominantly composed of rows running along the Interestingly, the separation of these side-by-side rows along the [0110] direction is not equidistant, but shows different distances. The area in between the side-by-side rows is occupied by another structure with the molecules aligning head to tail, forming a characteristic angle of 27 • with respect to the side-by-side row structure.
To analyze the molecular islands in more detail, a high-resolution frequency shift image is given in figure 3 (a) along with a model for the molecular arrangement shown in figure 3(b) . Three different inter-row distances are marked within this image, exhibiting distances of 3.0, 3.5 and 4.0 nm, respectively. Interestingly, these distances appear as multiples of the unit cell dimension of 0.5 nm along the [0110] direction, indicating that the surface structure has a decisive influence on the formation of these side-by-side rows. In order to quantify this observation, we have analyzed a total number of 224 inter-row distances from four independent large-scale images. The resulting distance histogram is shown in figure 3(c) . As can be seen, a discrete distribution is, indeed, obtained exhibiting inter-row spacings that are multiples of the unit cell dimension of 0.5 nm. Moreover, a clear maximum at an inter-row spacing of 3.5 nm is revealed, which will be explained later.
From our images, we can deduce the orientation of the molecules within the side-by-side rows with respect to the underlying calcite lattice. The absolute adsorption position is, however, not obtained experimentally as simultaneous imaging of the molecular islands and the calcite lattice was hampered by the molecular mobility at room temperature. Based on simple electrostatic considerations, we can identify two very likely adsorption positions that might be present in the experimental data shown in figure 3(a) . We stress, however, that more elaborate calculations are required for confirming the qualitative discussion made here. Nevertheless, our conclusions regarding the molecular arrangement and the most likely inter-row spacing remain valid regardless of the precise adsorption. Two obvious adsorption positions of the molecules within the side-by-side rows are shown in figure 3(d) . The models are based on the fact that the molecule-surface interaction is steered by the interaction of the carboxylic groups with the surface [22] . The hydrogen atom of the carboxylic groups anchors to a surface oxygen atom via a hydrogen bond, while the partially negatively charged carbonyl oxygen atom is positioned close to a surface calcium cation. When aligning the molecular axis along the [0110] direction as observed experimentally, the size of the molecule allows for the accommodation of both carboxylic groups on top of equivalent adsorption positions. This explains the strong surface templating effect, as both carboxylic groups can attain an energetically favorable adsorption position. Depending on the position of the hydrogen atom, two slightly differing adsorption positions can be obtained. In the upper part of figure 3(d) , two molecules are shown (labeled 1 and 2) with both hydrogen atoms arranged in the cis configuration. In this case, the molecule can be accommodated such that main axis of the molecule is exactly perpendicular to the side-by-side row direction. However, a second option would be to rotate one carboxylic acid around the C-C axis with the hydrogen atoms adopting the trans configuration (shown in the molecules labeled 3 and 4). In this case, the molecular axis would form an angle of approximately 5 • with respect to the side-by-side row. This slightly rotated configuration might be evident for the rows shown in figure 3(a) except for the one marked with an A.
The ordering within the rows is very well-pronounced, and defects can be found only rarely. One defect is shown in figure 3(a) (marked by a circle) , which originates from a shift of one side-by-side row by 0.5 nm. The linking molecule appears to bridge the two rows in a tilted fashion.
The area in between the rows is occupied by molecules forming a distinctly different pattern. In this structure, the molecules are found to align head to tail, such that the carboxylic groups face each other. This arrangement allows for hydrogen bond formation between the carboxylic groups and is very close to what is expected in the BPDCA bulk structure [23] . The observed ordering is a clear sign for the fact that the molecules are not deprotonated yet, which is in agreement with the pK a values of 3.5 and 4.3, respectively [24] . The lengths of these head-to-tail rows differ depending on the available space between the above-mentioned side-by-side rows running along the [4261] direction. For inter-row distances of 3.0, 3.5 and 4.0 nm, an alignment of two, three and four molecules is revealed, respectively, as shown in figure 4(a) and listed in table 1. The 'head' and 'tail' molecules from a head-to-tail row arrange in a way that they can form hydrogen bonds towards the oxygen atom of the neighboring molecule within the adjacent side-by-side row, while the partially negatively charged oxygen atom is close to a surface calcium cation. This configuration explains the experimentally observed characteristic angle of 27 • .
To analyze the obtained inter-row spacing histogram from figure 3(c) in more detail, we calculated the length of a head-to-tail row and compared this length with the available space between the side-by-side rows. To estimate the length of a head-to-tail row, we added the estimated molecule length (O-O distance: 1.15 nm [23] ) and hydrogen bonds length (O-O distance: 0.27 nm [25] ) as listed in the third column in table 1. We want to stress that (i) these numbers do not include the interaction with the surface and (ii) all hydrogen bonds were considered to be of the same length, regardless of their nature (within the head-to-tail row or between the head-to-tail row and the side-by-side row). Thus, the given length values represent a rough estimate only. We compare these lengths with the space available between the side-by-side rows (considering the distance between two oxygen atoms as indicated in figure 4(a) ) listed in the fourth column. As can be seen, for head-to-tail rows consisting of only one or two molecules, the available space is considerably larger than the estimated molecule length, indicating that the interaction of the head-to-tail rows with the side-by-side rows is weak or even absent. For head-to-tail rows consisting of five molecules, the distance between the side-by-side rows is smaller than what would be needed to easily accommodate the head-to-tail rows. For head-to-tail rows consisting of three and four molecules, the available space is very close to the estimated space required, suggesting that these head-to-tail rows should be favored. Indeed, our experimental results reveal a maximum at an inter-row distance of 3.5 nm in figure 3(c) . We, therefore, explain the maximum in the histogram in figure 3 (c) by a favorable size match in the inter-row distance and the space required for the head-to-tail rows. Finally, we comment on the situation that would arise in the absence of the head-to-tail rows. Because of the well-defined adsorption position of the molecules within the side-by-side rows, the most close-packed arrangement is associated with a rather large spacing between the molecular rows, as shown in figure 4(b) . Thus, no inter-row interaction is expected in this configuration, which is unfavorable compared to the situation where the head-to-tail rows interlink the side-by-side rows.
Summary and conclusions
The coexistence of two different molecular adsorption configurations is shown upon deposition of BPDCA on CaCO 3 (1014). A very pronounced row structure is revealed that is formed by flat-lying molecules aligned side by side, resulting in rows running along the [4261] direction. In this configuration, the molecules show a favorable adsorption position with both carboxylic groups anchoring towards the calcite surface. This strong surface templating effect is possible because of the excellent size match of the molecule to the substrate lattice. Besides this structure, another structure is coexisting, formed by rows that are composed of molecules aligned head to tail. In this configuration, the molecules can form hydrogen bonds as present in the bulk structure. The coexistence of these two different adsorption structures indicates a subtle balance between substrate templating on the one hand and molecular bulk crystal formation on the other.
